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3EXECUTIVE SUMMARY
1. The Acid Waters Study in the North West Region began 
in 1982 and sampling was completed in October 1990. The 
study was performed by North West Water Authority until 
March 1989 and by the National Rivers Authority, North 
West Region since then.
2. This work was initiated because of the observation of 
the simultaneous mortality of adult and juvenile salmon 
and sea-trout in both the River Esk and adjacent River 
Duddon in June 1980. Investigations at that time 
indicated that an "acid episode" was the most likely 
cause of this mortality.
3. During the study, in September 1983, a second 
mortality of salmonids occurred. On that occasion, the 
mortality of fresh-run salmon and sea-trout in both the 
Rivers Esk and Duddon were demonstrably due to acid- 
episodes as a complete record of water quality changes 
was obtained from continuously monitoring and automatic 
sampling equipment. As far as is known, this is the only 
such record of a mortality of fresh-run salmonids in 
Britain. No further acid-induced mortalities have been 
observed in the North West since.
4. A land use study indicated that a reduction in 
agricultural liming may have been a major factor in the 
development of acid episodes and consequent fish kills in 
the River Esk and River Duddon.
5. A field study was carried out to determine whether the 
re-introduction of catchment liming on the River Esk 
could improve water quality sufficiently to prevent fish 
kills. Lime was applied to previously limed areas 
comprising 10% of the catchment and a range of 
determinands including flow, pH, calcium, aluminium, 
total humic substances, conductivity and invertebrate 
abundance were measured both before and after liming. The 
River Duddon was also monitored as a reference site.
6. There was a general improvement in water quality both 
of the River Esk and the River Duddon during the study 
period. This improvement was matched by a general 
increase in the distribution and abundance of juvenile 
salmonids and distribution of acid-sensitive 
invertebrates. However water quality appeared to be 
controlled by rainwater chemistry. There was little 
evidence for a major effect of agricultural liming on the 
water chemistry of the River Esk.
7. In conclusion, there is no evidence that the 
mortalities of salmonids in the early 1980's were due to 
a reduction in agricultural liming. They were due to some 
other phenomenon such as a period of intense acid 
deposition.
4ACID WATERS IN THE NORTH WEST
THE EFFECT OF LIMING AGRICULTURAL LAND ON THE CHEMISTRY 
AND BIOLOGY OF THE RIVER ESK, NORTH WEST ENGLAND.
1. INTRODUCTION
The acid waters study in the North West Region began in 
1982 and ended in October 1990. It comprised of two 
distinct lines of investigation. The first of these was a 
survey of the extent of acid waters in the North West. 
The Second was an investigation into the impact of 
catchment liming on the water quality and biology of the 
River Esk. Both of these studies have been described in 
detail in the Authorities previous reports to the 
Department of the Environment (Crawshaw et al., 1987 ? 
Diamond et al., 1989) and the findings presented here 
were summarised in a paper forwarded to the DOE in 
November 1990 (Diamond et al., In Press).
The aim of this report is to present the findings of the 
investigation into the impact of catchment liming on the 
River Esk.
2. BACKGROUND
Agricultural liming is the spreading of powdered 
limestone, largely calcium carbonate, on land to reduce 
soil acidity. Its use to mitigate the acidification of 
surface waters is a recent development. In contrast to 
direct liming treatment (Fraser & Britt, 1982 ; 
Weatherley, 1988) there is little information available 
on the effects of agricultural or catchment liming on 
surface waters. This is probably because direct liming 
of surface waters has an immediate effect and is said to 
be more cost-effective (Warfvinge and Sverdrup, 1984). 
However, catchment liming may be an effective 
component of the treatment of acidified surface waters 
when the ground is particularly susceptible to the 
leaching of aluminium (Hultberg and Andersson, 1981), 
where spates are likely and where lakes have a high 
flushing rate (Swedish Ministry of Agriculture, 1982).
This report describes a catchment liming exercise 
carried out on the River Esk in the South-West of the 
English Lake District, North West England. The work was 
initiated when acid related mortalities of salmonids were 
observed, simultaneously in the River Esk and the 
adjacent River Duddon in June 1980. Such mortalities are 
thought to be caused by high concentrations of aluminium 
( >0.1 mgl-1 ) which are toxic at low pH ( c. 5.5 ) and 
low calcium concentration ( < 2 mgl-1 ) (Reviewed by 
Warren et al., 1986). Preliminary investigations 
demonstrated that many parts of the Esk and Duddon 
catchments had a water chemistry and biology indicative 
of acidification and there had been a decline in the 
numbers of returning migratory salmonids (Crawshaw et
5al., 1987). It was known that the application of lime to 
land in Great Britain had declined rapidly since the 
early 1960's (Ormerod and Edwards, 1985) and an 
investigation into the past application of lime to the 
Esk Valley indicated a five-fold reduction since 1976 
when the liming subsidy was removed (Robinson, 1984).
Therefore, an attempt was made to test whether water 
quality in the River Esk could be improved by liming all 
of the agricultural land in the catchment which had been 
limed in the past (generally the flatter land immediately 
adjacent to the river). The River Duddon catchment, 
where liming for normal agricultural purposes continued 
at a low rate, was used as a reference site.
3. Description of the Sites
The River Esk and River Duddon are situated in the South- 
West of the English Lake District (Fig. 1). The Esk rises 
on the southern slope of Scafell Pike and is a relatively 
short river being some 23.6 km to the tidal limit. At the 
gauging station at Cropple How (National Grid 
Reference SD 131 977), 3.4km above the tidal limit, its 
catchment area is 70.2 square km and its average daily 
flow is approximately 5.6 m3s-1. The Duddon rises 6 km 
to the south-east of the source of the Esk at the top 
of Wrynose Pass. The distance to the tidal limit is 
22 km and at the gauging station at Duddon Hall 
(National Grid Reference SD 196 897), 1.5 km above the 
tidal limit, the catchment area is 78.2 km2 and the 
average daily flow is approximately 6.2 m3s-1.
The underlying rocks in both catchments are of low 
buffering capacity and are largely Borrowdale Volcanics 
in the Duddon catchment and Eskdale Granites in the Esk 
catchment. In both catchments the soils are described as 
humic rankers, podzols and brown earths (Millward et 
al., 1978). Most of the land immediately adjacent to the 
rivers is semi-improved agricultural grassland. On the 
valley slopes moorland predominates, and the vegetation 
consists largely of grasses, bracken and Sphagnum moss.
In both valleys the land is used mainly for the 
grazing of sheep and, to a much smaller extent, cattle. A 
major change in farming practice resulted from the 
withdrawal of the general liming subsidy in 1976. Between 
1940 and 1976 annual application rates of 13 tonnes per 
hectare to intake land were common throughout the Esk 
and the Duddon Valleys. Between 1976 and 1983, 40% of 
this land received no lime and the remainder received 
just one application at the reduced rate of 5 tonnes per 
hectare (Robinson, 1984).
Figure 1. The location of the River Esk and Duddon with 
hatching to indicate where line was applied to the Esk 
catchment.
4. Methods
A detailed description of the methodology including 
descriptions of the hardware, data storage and the 
maintenance and calibration of monitors and probes is 
given in a previous report to the Department of the 
Environment (Crawshaw et al, 1987). A summary of the 
methods used is given below.
4.1 Continuous Water Quality Monitors and Automatic 
Samplers.
The continuous monitoring of water quality, water level 
and upstream fish movement commenced at Duddon Hall on 
the River Duddon in April 1983 and at Cropple How on the 
River Esk in May 1983. The monitors took measurements at 
quarter hour intervals of pH, river level, electrical 
conductivity, temperature and upstream fish movement. 
Sensors were calibrated at three week intervals.
Automatic water samplers at each of these sites were 
triggered when the water level reached a pre-set height. 
Composite samples, made up of four half-hourly sub­
samples, were taken at two hour intervals for 48 hours. 
These samples, which were taken to monitor changes in 
water chemistry during episodes of high flow, were 
analysed for pH, alkalinity, calcium, magnesium,
7aluminium (soluble and total after acidification of the 
sample), conductivity, chloride and humic substances.
4.2 Catchment Liming.
Between September 1986 and March 1987, 3200 tonnes of 
powdered limestone was applied to 640 ha of intake land 
in the Esk catchment at a rate of 5 tonnes ha-1 (Fig.l). 
This treatment was repeated between September 1987 and 
June 1988.
Soil pH was measured in forty fields in the summer 
of 1986 prior to liming, and in these and a further 
sixty fields in July 1987 after the first lime 
application and again in July 1988 after the second 
liming.
4.3 Supplementary Sampling
Water quality samples were taken quarterly from 15 
main river sites and 39 tributary sites beginning in 
1983. Benthic macroinvertebrates were kick-sampled from 
riffles at these sampling points mostly during winter 
or late spring. In addition the sites were 
electrofished six times between 1981 and 1988.
5. Results
5.1 Soil Tests
There was a small but marked general shift upwards 
in soil pH between 1986 and 1987 and a much larger 
increase between 1987 and 1988 (Fig. 2).
Figure 2. The soil pH of limed fields before (1986) and 
after two successive annual lime applications. (Open bars 
= 40 common fields, hatched bars *= 60 additional fields).
85 . 2  C o n t i n u o u s  M o n i t o r  D a t a
T im e  s e r i e s  p l o t s  o f  c o n t i n u o u s  m o n i t o r  d a t a  s h o w e d  
a  c o n s i s t e n t  p a t t e r n  w i t h  a l m o s t  e v e r y  r i s e  i n  f l o w  
b e i n g  a c c o m p a n i e d  b y  a  d e c r e a s e  i n  pH a n d  
c o n d u c t i v i t y  ( F i g .  3 ) .
F i g u r e  3 .  T i m e - s e r i e s  p l o t s  o f  pH  ( * * * * ) ,  f l o w  ( ------) a n d
t e m p e r a t u r e  ( * * * )  m e a s u r e d  b y  c o n t i n u o u s  m o n i t o r  o n  t h e  
R i v e r  E s k  a n d  R i v e r  D u d d o n  i n  S e p t e m b e r  1 9 8 3 .
A s d a t a  w e r e  c o l l e c t e d  e v e r y  f i f t e e n  m i n u t e s  o v e r  a  s e v e n  
y e a r  p e r i o d  a  v a s t  d a t a  s e t  w a s  g e n e r a t e d  b y  t h i s  s t u d y .  
T h e r e f o r e  i t  w a s  n e c e s s a r y  t o  s e l e c t i v e l y  r e d u c e  t h e  d a t a  
i n t o  a  m a n a g e a b l e  s u b - s e t  f o r  a n a l y s i s .  T h e s e  d a t a  w e r e  
a n a l y s e d  p r i m a r i l y  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  l i m i n g  
o n  t h e  pH o f  t h e  r i v e r  i n  p e r i o d s  o f  h i g h  f l o w  w h e n  
p r e v i o u s  c o n d i t i o n s  h a d ,  a t  t i m e s ,  b e e n  l e t h a l  t o  f i s h .  
F o r  t h i s  r e a s o n  t h e s e  d a t a  w e r e  r e d u c e d  b y  l o o k i n g  a t  
' f l o w  p e a k s ' ,  d e f i n e d  a s  a n y  r e c o r d  w h e r e  t h e  f l o w
9was greater than the ten records before and after (ie 
2.5 hours before and after). These flows were then 
matched with the corresponding minima of pH and 
conductivity, defined as the minima in the period one 
record before to ten after. This period was chosen 
because the minimum pH and conductivity always occurred 
at or, more usually just after the maximum flow.
The plots of pH against the natural logarithms of flow 
show a linear relationship for log flows greater than 1 
in both rivers with the Duddon having a consistently 
higher pH (Fig. 4). At low flows ( < log 0.3 ) changes in 
flow do not appear to affect pH. jf log 0.3 is equivalent 
to a flow of approximately 1.35 m3s-1 ). The plots of 
conductivity against the natural logarithms of flow are 
similar (Fig. 5) except that at low flow conductivity is 
still dependent on flow in the Esk but not in the Duddon. 
This indicates that either there are very low levels of 
soluble materials in the Esk catchment or that even at 
low flows the contact time between water and soluble 
materials is very short.
The data was examined for temporal variation in the 
relationship between flow and pH and between flow and 
conductivity. At low flows ( < log 0.3 ), there was no 
relationship between pH and flow and there appeared to be 
an indication of a small increase in monthly mean pH 
during the sampling period. This was not related to 
liming.
Temporal variations in water chemistry in the Esk could 
be ascribed to variation in many factors including 
liming. Therefore, in order to detect an effect of liming 
it was necessary to compare the River Esk with the River 
Duddon in a rigorous manner. Although the River Duddon 
is adjacent to the River Esk, it can not be strictly 
described as a control site as it is likely that, due to 
spatial heterogeneity in deposition amongst other things, 
there would be temporal variation in flow peaks between 
the two rivers. Therefore, the Esk and Duddon were 
compared by using the monthly predicted values of 
determinands at 99 percentile flow. The differences 
between the monthly predicted determinand values at 99 
percentile for the two rivers was plotted and changes in 
the relationship between the River Esk and Duddon could 
be detected using CUSUM analysis (described in Ryan, 
1989).
The method used is explained below and diagrammatically 
in Figure 6. Temporal changes in the linear parts of the 
relationships were detected by analysing all events where 
the log flow was greater than 1. For these events monthly 
regressions of pH and conductivity on log flow were 
performed and the predicted values at 99 percentile flow 
were found (Fig. 6 (b)). These values indicated the 
effect a high flow event would have had on the rivers in 
each month. The predicted values at 99 percentile flows 
were then plotted against time for both the River Esk and 
the River Duddon (Fig. 6 (c)). Changes in the
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relationship between the Esk and the Duddon could then be 
detected by plotting the differences between the Esk and 
the Duddon (Fig. 6 (d)). Step changes in the differences 
could be detected using CUSUM analysis.
The time series of predicted conductivities of the Esk 
and the Duddon and volume weighted mean conductivity of 
rainfall over the same period (measured by the Institute 
of Freshwater Ecology at Esthwaite, approximately 20 km 
to the east of the Esk and Duddon) followed strikingly 
similar patterns (Fig. 7) , indicating that virtually all 
variation in river conductivity at high flow is due to 
variation in rainfall conductivity. The conductivity of 
the Esk was very similar to that of the rainfall, 
following the same pattern but with less variability. The 
reduction in variability was probably caused by the 
rainfall conductivity being measured in bulk samples 
which in effect gave weights to different rainfall events 
in proportion to their volumes, whereas the predictions 
of river conductivities gave equal weight to each flow 
event.
The Duddon conductivity was consistently higher than that 
of the Esk (and the rainfall). To look for any effect of 
liming the difference between the predicted 
conductivities of the rivers was plotted (Fig. 8). This 
showed no trends and no changes over the liming period, 
indicating that liming had no significant effect on 
conductivity. The graph of Esk conductivity (Fig 7) 
appeared to indicate a large and significant decrease 
following liming, but this was due to a coincidental 
change in rainfall conductivity.
The time series plots for pH for the Esk and Duddon also 
follow very similar patterns, and show a general increase 
in pH during the sampling period (Fig. 9). No rainfall pH 
data was available but the similarity of the two patterns 
(Fig. 9) suggests that most of the variation was due to a 
common effect, probably variation in rain chemistry. To 
identify liming effects the difference between the two 
rivers was plotted (Fig. 10) as for conductivity. This 
series, analysed by CUSUM analysis, showed a pre-liming 
difference of 0.5 pH units (with the Duddon having the 
higher pH), which decreased to almost zero following the 
first liming (Fig. 10). The difference then, 
surprisingly, increased to 0.35 units at the start of the 
second period of liming . This pattern can also be seen 
in the double time series (Fig. 9). Thus, the results 
indicate that liming had no long-term effect on the pH or 
conductivity of the River Esk.
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F i g u r e  4 .  pH  a g a i n s t :  n a t u r a l  l o g a r i t h m  o f  f l o w  m e a s u r e d  
b y  c o n t i n u o u s  m o n i t o r  o n  t h e  R i v e r  E s k  a n d  R i v e r  D u d d o n  
f o r  t h e  p e r i o d  1 9 8 3  -  1 9 9 0 .
F i g u r e  5 .  C o n d u c t i v i t y  a g a i n s t  n a t u r a l  l o g a r i t h m  o f  f l o w  
m e a s u r e d  b y  c o n t i n u o u s  m o n i t o r  o n  t h e  R i v e r  E s k  a n d  R i v e r  
D u d d o n  f o r  t h e  p e r i o d  1 9 8 3  -  1 9 9 0 .
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Overleaf:
Figure 6. An explanatory diagram of the method used to 
compare changes in water quality parameters on the River 
Esk with those on the River Duddon.
(a) A time-series plot of a determinand and flow at a 
river monitoring station (see Fig. 3). Note that the peak 
in flow coincides approximately with a minima in the 
determinand value. This applied to all measured 
determinands except aluminium which increased in 
concentration with increasing flow.
(b) A plot of the peaks in flow against the corresponding 
minima in determinand values over a monthly period. The 
red line indicates the abstraction of the predicted 
determinand value corresponding to the 99 percentile flow 
for that month.
(c) A time-series plot of the monthly predicted 
determinand values at 99 percentile flow for the Esk and 
the Duddon. As these are predicted values of the same 
thing for both rivers, it follows that changes in the 
relative values of the two rivers can be used to indicate 
variation between the two catchments caused by, for 
instance, 1iming.
(d) A time-series plot of the differences between the 
Duddon and Esk in the monthly predicted determinand 
values. The green lines indicate step changes in the 
level of the difference indicated by CUSUM analysis.

F i g u r e  7 .  T i m e - s e r i e s  o f  p r e d i c t e d  c o n d u c t i v i t y  a t  9 9  
p e r c e n t i l e  f l o w  f o r  t h e  E s k  a n d  t h e  D u d d o n  c o n t i n u o u s  
m o n i t o r i n g  s t a t i o n s  w i t h  v o l u m e  w e i g h t e d  c o n d u c t i v i t y  o f  
r a i n f a l l  a t  E s t h w a i t e .  A r r o w s  i n d i c a t e  t h e  s t a r t  o f  t h e  
t w o  l i n i n g  p e r i o d s .
F i g u r e  8 .  T i m e - s e r i e s  o f  t h e  p r e d i c t e d  c o n d u c t i v i t y  o f  
t h e  D u d d o n  m i n u s  t h a t  o f  t h e  E s k .  A r r o w s  i n d i c a t e  t h e  
s t a r t  o f  t h e  t w o  l i m i n g  p e r i o d s .
F i g u r e  9 .  T i n e  s e r i e s  o f  p r e d i c t e d  pH  a t  9 9  p e r c e n t i l e  
f l o w  f o r  t h e  E s k  a n d  D u d d o n  c o n t i n u o u s  m o n i t o r i n g  
s t a t i o n s .  A r r o w s  i n d i c a t e  t h e  s t a r t  o f  t h e  t w o  l i m i n g  
p e r i o d s .
F i g u r e  1 0 .  T i m e - s e r i e s  o f  t h e  p r e d i c t e d  pH  o f  t h e  D u d d o n  
m i n u s  t h a t  o f  t h e  E s k  w i t h  b o l d  h o r i z o n t a l  b a r s  s h o w i n g  
s t e p  c h a n g e s  i n d i c a t e d  b y  CUSUM a n a l y s i s .  A r r o w s  i n d i c a t e  
t h e  s t a r t  o f  t h e  t w o  l i m i n g  p e r i o d s .
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5.3 Automatic Sampler Data
It should be noted that as the auto-sampler was triggered 
by level there was very little data on low flows. Regular 
samples had been taken on both rivers for purposes 
unconnected with this study and they provide useful 
additional information on calcium.
As the auto-sampler data were composite samples of four 
successive half hourly sub-samples they corresponded to 
an average of the instantaneous flows during the two hour 
period over which they were taken. It was possible to 
relate the chemistry to flow using a method similar to 
that used for the continuous monitor data. As with the 
latter only 'flow peaks' were analysed, in order to 
remove the bias towards periods when high flows were 
frequent. These were defined as any flows greater than 
the flow before and after. The data analysed were the 
flow and chemistry from each of these peaks and all 
determinands were found to be linearly related to the 
natural log of flow. Calcium, pH, conductivity and humic 
substances were negatively correlated with flow, 
aluminium positively correlated. pH and conductivity were 
more accurately described by the analysis of the 
continuous monitor data.
Graphs of the predicted aluminium, calcium and humic 
substance concentrations at 99 percentile flow are shown 
in Figure 11. The step changes were identified using 
CUSUM analysis, and all are significant at the 5% level.
There was a large and significant decrease in soluble 
aluminium concentration from 118.4 to 72.2 ugl-1 
following the first liming, which was maintained for the 
rest of the monitored period (Fig. 11). The calcium show 
a surprising but highly significant fall following liming 
from 1.71 to 1.22 mgl--*-. The levels had returned to near 
their pre-liming levels by the end of the second liming 
(Fig. 11).
The mean total humic substances concentration 
dropped sharply during the first liming from 1.3 to 
0.87 ragl"1 and then increased to 1.19 mgl-1 (Fig.11). 
It should be noted that this determinand was highly 
seasonal. This was allowed for by subtracting monthly 
means from each record prior to analysis, but the 
increases occurred at the times expected due to 
seasonality which suggested that this was an exaggerated 
seasonality.
Analysis of the additional calcium data had the potential 
to be misleading. Only one or two samples were available 
in most months, and so all of the data (including auto­
sampler data) was included in the analysis. No attempt 
was made to compensate for the bias towards the periods 
during which the auto-sampler was operating. Again there 
was a linear relationship between calcium concentration 
and the logarithm of flow but the relationship between
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the logarithm of flow and the logarithm of calcium was 
slightly stronger and so that was used. This made very 
little difference to the results. Due to the limited 
amount of data it was not possible to fit a separate 
regression line for each month and so parallel lines were 
fitted, using the available data to estimate the 
intercept. As usual the concentrations at 99 percentile 
flows were estimated as was the difference between the 
two rivers (Fig. 12). The significant decrease in calcium 
concentration following liming occurred in the River 
Duddon as well as in the Esk and the two rivers showed 
very similar patterns (Fig. 12). There is no evidence of 
any trend or step change in the plot of the differences. 
The obvious implication, as with the conductivity plots, 
is that the changes are due to changes in rainfall 
chemistry.
2 0
F i g u r e  1 1 .  T i me - s e r i e s  o f  t h e  p r e d i c t e d  c o n c e n t r a t i o n s  
f r o m  a u t o - s a m p l e r  d a t a  o f  a l u m i n i u m ,  c a l c i u m  a n d  h u m ic  
s u b s t a n c e s  a t  f l o w  p e a k s  w i t h  b a r s  s h o w i n g  s t e p  c h a n g e s  
i n d i c a t e d  b y  CUSUM a n a l y s i s .  A r r o w s  i n d i c a t e  t h e  s t a r t  o f  
t h e  t w o  l i m i n g  p e r i o d s .
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F i g u r e  1 2 .  T i m e - s e r i e s  o f  t h e  p r e d i c t e d  c o n c e n t r a t i o n s  o f  
c a l c i u m  f o r  t h e  E s k  a n d  t h e  D u d d o n  a t  f l o w  p e a k s  u s i n g  
a l l  d a t a  a n d  t h e  t i m e - s e r i e s  o f  t h e  p r e d i c t e d  c a l c i u m  
c o n c e n t r a t i o n s  o f  t h e  D u d d o n  m i n u s  t h o s e  o f  t h e  E s k .  
A r r o w s  i n d i c a t e  t h e  s t a r t  o f  t h e  t w o  l i m i n g  p e r i o d s .
2 2
5.4 Fish Counter Data
Although it initially worked well (Crawshaw et al.,
1987), the performance of the fish-counting installation 
at Cropple How on the River Esk was poor throughout most 
of the study period due to the deposition of gravel 
downstream of the fish-counting weir. As the gravel built 
up a standing wave formed and moved gradually upstream 
and when it reached the electrodes the turbulence 
produced caused spurious counts. As a temporary solution 
gravel was removed periodically. In an attempt to achieve 
a more permanent solution, a boulder check weir 
positioned 50m downstream of the counting site was 
removed. This proved ineffective.
The electronics of the Cropple How counter were replaced 
in June 1989 with a state-of-the-art Logie counter which 
underwent further development by NRA North West. This 
produced valid counts under ideal conditions as it was 
able to screen events to identify which were fish and 
which were not. It also compensated more effectively for 
changes in the background conductivity of the river 
water. However, it still produced spurious counts when 
the standing wave was present.
A hydrological investigation has shown that only major 
river engineering works, plus re-building of the counter 
at a higher level, would provide a permanent solution to 
this problem. As this cannot be justified on financial 
grounds the counter has been decommissioned.
The counter at Duddon Hall appeared to work quite 
successfully during the study period. However, the 
counting weir and electrode array at Duddon Hall have 
been subject to severe wear and tear to the extent that 
they no longer provide reliable data. This counter has 
also been decommissioned.
In conclusion, the data produced by the fish counters on 
the River Esk and River Duddon was inadequate to test for 
a potential effect of pH or liming on fish movements.
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5.5 Invertebrate Data.
The number of invertebrate species found at each site was 
largely determined by water chemistry. Chemical 
determinands were combined into factors describing the 
chemistry at each site by principal component analysis. 
Two factors derived from this analysis described 86% of 
the variation in chemistry at each site. Factor 1 largely 
described the solute level (calcium, magnesium, 
conductivity and aluminium) and was positively correlated 
with the number of species at each site (Fig. 13; r =
0.76, p < 0.001). Factor 2 largely described the level of 
'acid stress' (pH and aluminium) and was negatively 
correlated to the number of species (Fig. 14; r = -0.48, 
p < 0.001). When combined in a multiple regression 
equation the two factors explained 63% of the variation 
in the number of invertebrate species.
During the study period invertebrates showed a general 
increase in numbers of species (Fig. 15) and their 
abundance. Ten sites, half of which had been limed, were 
selected on the basis of the similarity of their physical 
characteristics. There was no significant difference 
between limed and unlimed sites in the magnitude of the 
increase in the numbers of invertebrates. There were 
larger numbers of mayflies and molluscs in the limed 
sites than the unlimed sites both before and after liming 
indicating that the water quality was already more 
alkaline at limed sites. This is probably because these 
streams were within areas of improved agricultural land 
whereas the unlimed fields were not.
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F i g u r e  1 3 .  N u m b e r  o f  i n v e r t e b r a t e  t a x a  a g a i n s t  f a c t o r  1 
w h i c h  r e p r e s e n t s  d i s s o l v e d  s u b s t a n c e s .
2 5
F i g u r e  1 4 .  N u m b e r  o f  i n v e r t e b r a t e  t a x a  a g a i n s t  f a c t o r  2 
w h i c h  r e p r e s e n t s  ' a c i d  -  s t r e s s ' .
Limed sites Uniimed sites
F i g u r e  1 5 .  T h e  n u m b e r s  o f  v a r i o u s  i n v e r t e b r a t e  t a x a  
b e f o r e  a n d  a f t e r  l i m i n g  a t  l i m e d  a n d  u n l i m e d  s i t e s .
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6. Discussion
Since the early 1980's when the acid-induced mortalities 
of salmonids occurred, there has been a great 
improvement in the water quality and biological 
conditions in both the Esk and the Duddon. Evidence for 
this includes a general increase in pH, a decrease in 
aluminium concentration and an increase in the 
distribution of acid-sensitive invertebrates. Large 
increases in the densities and distribution of 
young salmonids in these rivers has been reported 
elsewhere (Crawshaw et al., 1987) and no further fish- 
kills have been observed.
The patterns of change of, pH and conductivity in the 
two catchments were remarkably similar (Fig. 6 & 8) and 
there was strong evidence that changes in rainfall 
chemistry were controlling changes in river chemistry . 
The Esk had a conductivity of similar magnitude to rain 
which suggests that rainwater flows through the Esk 
catchment with only trivial changes in water chemistry 
except for the exchange of hydrogen ions for aluminium 
ions from the catchment.
Any changes in the water quality of the River Esk 
attributable to liming should have been indicated by the 
differences between the Esk and The Duddon. However, 
except for a short term increase in the pH of the Esk 
relative to the Duddon following the first liming there 
is no evidence that liming had an effect on water 
chemistry. The reduction in the concentration of 
aluminium on the River Esk is difficult to attribute to 
liming as there was an underlying increase in pH which 
would have been expected to lead to a sustained decrease 
in aluminium concentration. Other surface liming 
experiments have generally, where effective, resulted in 
an increase in pH, conductivity and calcium concentration 
and a decrease in aluminium concentration (eg Warfvinge 
and Sverdrup, 1988; Hornung et al., 1990; Brown et al., 
1987).
In conclusion, there is little evidence that agricultural 
liming of the River Esk had a major effect on the water 
chemistry of the River Esk. It appears that the chemistry 
of the Esk and the Duddon was largely controlled by 
rainwater chemistry.
The water chemistry changes demonstrated in this study 
were quite large but would have been difficult to detect 
without the long term data and the continuous monitoring 
of flow and pH in both a reference and a test catchment. 
It is notable that a preliminary analysis of this project 
based on the results of the Esk alone and a shorter post- 
liming period concluded that catchment liming was an 
effective treatment ! (Crawshaw and Diamond, 1987)
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APPENDIX.
An update, for information, of the summary of water 
quality sampling results for the extensive survey 
(Crawshaw et al, 1987).
Key
SPT = NRA NW Region water quality sampling site number 
NGR = National Grid Reference






















